Numerous population pharmacokinetic studies on voriconazole have been conducted in recent years. This review aimed to comprehensively summarize the population pharmacokinetic models for voriconazole and to determine which covariates have been identified and which remain to be explored. We searched the PubMed and EMBASE databases from inception to March 2018 for population pharmacokinetic analyses of voriconazole using the nonlinear mixed-effect method. A total of 16 studies were included in this review, of which 11 models were described in adult populations, four were described in pediatric populations, and the remaining study included both adult and pediatric populations. The absorption profiles of voriconazole in both adult and pediatric studies were best described as first-order absorption models. The typical distribution volumes were similar in adult and pediatric patients, but the estimated clearances in pediatric patients were significantly higher than those in adult patients. The most commonly identified covariates were body weight, the cytochrome P450 2C19 genotype, liver function, and concomitant medications. Only one study evaluated the model using an external method. Further population pharmacokinetic studies on pediatric patients aged younger than 2 years are warranted. Furthermore, new or controversial potential covariates, such as inflammation, the cytochrome P450 3A4 genotype, concomitant medications (particularly various types and dosages of proton pump inhibitors and glucocorticoids), and various measures of body weight, should be tested because the unexplained variability remains relatively high. In addition, previously published models should be externally evaluated, and the predictive performance of the various models should be compared.
Introduction
Voriconazole is a new-generation triazole antifungal agent with potent activity against a wide range of clinically significant pathogens, including Aspergillus and Candida, as Changcheng Shi and Yubo Xiao contributed equally to this work and should be considered co-first authors.
well as some less common fungal pathogens [1] . Since its approval in 2002, voriconazole has changed the approach to the management of invasive fungal diseases. The Infectious Diseases Society of America guidelines now recommend voriconazole as the first-line drug for the treatment of invasive aspergillosis and as an alternative drug for the treatment of candidemia [2, 3] .
In recent years, numerous studies have investigated the exposure-response relationship of voriconazole. The findings from these studies established that low concentrations might result in higher rates of treatment failure, whereas higher concentrations are associated with increased toxicity; thus, the results identify a narrow target trough concentration range for voriconazole [4, 5] . Furthermore, the wide inter-and intraindividual pharmacokinetic variability is of great concern.
Several factors are reportedly associated with the large variability in the exposure to conventional doses of voriconazole, and these include the nonlinear pharmacokinetic properties of voriconazole, the cytochrome P450 (CYP) 2C19 genotype, hepatic dysfunction, and drug interactions [6] . Therapeutic drug monitoring (TDM) for voriconazole is recommended for the optimizing outcomes and reducing toxicity in clinical practice [7] . However, the TDM method can be implemented only after treatment has been initiated, and the samples for TDM are traditionally procured at steady state. In fact, steady-state trough concentrations are reached approximately 5 days after standard administration. Although the steady state can be reached 24 h after the administration of a loading dose, a waiting time is still needed and might contribute to a worse prognosis [6] . Therefore, the identification of factors that contribute to the high variability in voriconazole pharmacokinetics is important for determining the appropriate dosage as early as possible.
Population pharmacokinetic modeling is widely used in the field of clinical pharmacology because it helps determine the typical pharmacokinetic parameters of a population and can be used to obtain the sources of pharmacokinetic variability [8] . The integration of the population pharmacokinetic model with the Bayesian forecasting method can help guide dosage adjustments based on a limited number of drug concentration measurements [9] . Indeed, many population pharmacokinetic studies on voriconazole have been conducted over the last decade. This review provides an overview of the published studies on the population pharmacokinetics of voriconazole. The objective was to provide a systematic comparison of the population pharmacokinetic models published for voriconazole and to determine which covariates have been identified and which remain to be explored.
Methods

Search Strategy
The PubMed and EMBASE databases were searched from inception to March 2018 using the following search terms: 'voriconazole' AND ('population pharmacokinetic' OR 'pharmacometrics' OR 'pharmacokinetic model' OR 'popPK' OR 'pop PK' OR 'PPK' OR 'nonlinear mixed effect model' OR 'NONMEM'). The reference lists of the relevant studies were searched for additional literature.
Inclusion/Exclusion Criteria
We included all described population pharmacokinetic models for voriconazole. The studies needed to meet the following criteria for inclusion in this review: (1) studied populations, pediatric and adult patients or healthy volunteers; (2) treatment, voriconazole was used as the study drug, regardless of whether it was administered intravenously or orally; and (3) pharmacokinetic analysis, a nonlinear, mixedeffect population pharmacokinetic modeling approach was employed. The following studies were excluded: (1) reviews, methodology articles, and in vitro and animal studies; (2) papers not written in English; and (3) studies that used noncompartmental or nonparametric approaches.
Data Extraction
Two authors independently performed data extraction using a data collection form, and any discrepancies were resolved by discussion. The following variables were recorded from the identified studies: first author, year of publication, number of patients, patient characteristics (age, sex, weight, genotype, and pathology), route of administration, observed voriconazole concentration, method used for voriconazole determination, number of observations, observations per patient, data source, software used for modeling, dosing simulations, structural and statistical model, tested and retained covariates, and model evaluation method. The model evaluation methods were divided into three types based on the increasing order of quality: basic internal, advanced internal, and external model evaluation [10] .
Results
The initial database search yielded 152 publications, and after selection, a total of 16 studies involving 1411 participants met the inclusion criteria [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . The population characteristics of the included studies are summarized in [12, 14-18, 21, 23-26] . Among the 16 publications describing a population pharmacokinetic model for voriconazole, 11 described studies conducted in adult participants, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] whereas four of the studies were conducted in pediatric populations, [22] [23] [24] [25] and the remaining study by Friberg et al. [26] included both adult and pediatric patients. The studied populations consisted of healthy volunteers and patients who were administered voriconazole for the treatment or prophylaxis of fungal infections, possibly accompanied by additional pathologies, including pulmonary diseases, organ transplant, and hematological malignancies. Both intravenous and oral formulations were administered in all but three of the included studies, and in the remaining three studies, only intravenous [11, 25] or oral [14] formulations were used. Seven publications reported the means or medians of the observed voriconazole concentrations [11, 14-16, 18, 21, 25] . In all the included studies, a high-performance liquid chromatography was employed for the determination of the voriconazole concentration. The model characteristics of the included studies are summarized in Table 2 . The number of observations ranged from 36 to 3352 (median 342), and the median observations per patient was nine. In addition, 56% of the studies involved rich data, and only two studies [15, 18] involved sparse data from routine TDM practice. Almost all the included studies utilized the gold-standard software NONMEM to construct a population pharmacokinetic model with the exception of two studies, which used Phoenix NLME software [15, 16] . All the models were validated using various advanced internal methods, including bootstrap, [11, 13-16, 18-21, 26] visual predictive check or corrected visual predictive check, [11, 12, 14, 17, 22, 24, 26] case deletion diagnostics, [23] and cross-validation [25] . Only one study performed an external evaluation using a separate cohort [14] . Simulation analyses were also performed in ten studies to determine the optimal dosing regimens [11, 13, 16, [18] [19] [20] [21] [22] [23] 26] . The majority of the studies adopted the trough concentration as the target, and the remaining studies chose the free area under the plasma concentration-time curve from 0 to 24 h divided by the minimum inhibitory concentration, trough concentration/ minimum inhibitory concentration, and the reference adult area under the plasma concentration-time curve distribution.
The final structural model, pharmacokinetic parameters, model variability, covariates tested, and covariates retained in the final model are summarized in Table 3 . The absorption characteristics of voriconazole were described as a firstorder process in 13 of the included studies [12-18, 20-24, 26] . The absorption rate constant was fixed to the literature value in six studies [15-18, 21, 22] , and a lag time was used The reference adult AUC in five of the included studies [12, 14, 17, 24, 26 ] to characterize delayed absorption. The typical oral bioavailability of voriconazole reportedly ranged from 45.9% to 94.2% in adult patients (n = 6) and from 44.6% to 64.5% in pediatric populations (n = 4). In adults, the population pharmacokinetics of voriconazole were best described by a one-compartment model in eight studies [11, [14] [15] [16] [18] [19] [20] [21] and by a two-compartment model in three studies [12, 13, 17] . The median (range) estimated value of the distribution volume (V) was 77.6 L (27.1-200 L) [n = 9]. Most of the studies conducted in adult populations described the elimination of voriconazole as linear elimination, [11, [13] [14] [15] [16] [19] [20] [21] and the median (range) estimated value for the linear clearance (
All of the studies conducted in pediatric populations employed a two-compartment model with various types of elimination, including linear, [25] nonlinear, [22, 23] and mixed linear and nonlinear elimination [24, 26] Between-subject variability (BSV) is commonly described by an exponential model. The BSV in bioavailability was estimated using additive random effects on a logit scale in five studies [17, 20, 22, 24, 26] . In adult patients, the median (range) BSV in V (or V 1 ) and CL L were 32.75% (12-98%) [n = 8] and 41% (21.3-107%) [n = 8], respectively, and the median (range) BSV in V (or V 1 ) and CL L in pediatric populations was 14.2% (13.6-45.4%) [n = 3] and 69.6% (66.5-117.4%) [n = 3], respectively. Only one study estimated the between-occasion variability in intrinsic CL and obtained a value of 43% [24] .
A proportional residual error model was most commonly used to describe residual variability, [11, 15, 17, 18, 20, 23, 24, 26] and the residual variability obtained using a proportional model ranged from 13% to 61%. Notably, half of the residual variability values were modeled as additive errors on the log-transformed concentrations, which approximately corresponded to a proportional error on untransformed data [17, 23, 24, 26] . Five studies used a combined model residual error model and the median (range) values were 0.016 mg/L (0.005-0.49 mg/L) and 33.8% (10.8-43%) [12-14, 21, 22] . Only the study conducted by Lin et al. [16] used an additive residual error model, and the value was 0.57 mg/L.
Numerous factors were tested in the modeling process, and the most commonly identified covariates were body weight, the CYP2C19 genotype, liver function, and concomitant medications. For adult populations, the covariates identified in the population pharmacokinetic studies of voriconazole included body weight, the CYP2C19 genotype, postoperative time, direct bilirubin, the international normalized ratio, aspartate transaminase, alkaline phosphatase, severe cholestasis, concomitant medications, cystic fibrosis, and age. In contrast, the studies on pediatric populations identified the following covariates: body weight, the CYP2C19 genotype, alanine transaminase, alkaline phosphatase, and the study population (adolescent or child).
Discussion
Population pharmacokinetic modeling methods can be statistically classified as either parametric or nonparametric. The main difference between parametric and nonparametric methods is that the former assumes that the parameter and error distributions follow normal, or log-normal, distributions, whereas, nonparametric methods make no assumption regarding the shapes of the underlying parameter distributions [27] . To the best of our knowledge, only two population pharmacokinetic models of voriconazole obtained using a nonparametric approach have been published to date [28, 29] . We focus on the parametric approach in this review. It remains unclear which approach is more suitable for voriconazole therapy in a specific population, and more studies comparing both methods are warranted.
In 2016, McDougall et al. [30] published a hybrid model for voriconazole that integrated information from prior population pharmacokinetic models. The authors identified and briefly reviewed nine population pharmacokinetic studies on voriconazole. After that publication, an increasing number of publications have focused on this topic. In the current review, we summarized a total of 16 parametric population studies on voriconazole.
The majority of publications in this field have included adult organ transplant recipients and immunocompromised pediatric patients. Notably, no published population analysis of voriconazole has included pediatric patients aged younger than 2 years, potentially because voriconazole has officially only been approved for adults and pediatric patients aged ≥ 2 years. Nevertheless, voriconazole has commonly been administered to this specific population in clinical practice, as summarized in the review by Kadam and Van Den Anker [31] . A recent large-sample retrospective study showed that voriconazole exposure is highly variable in pediatric patients aged younger than 2 years, and the therapeutic range was not achieved in a substantial proportion of the pediatric patients [32] . Therefore, further population pharmacokinetic analyses focusing on this specific population are required. 
Prop REE = 37-59% Voriconazole is available in both intravenous and oral forms. The absorption profiles of voriconazole in both adult and pediatric populations have been best described by firstorder absorption models. Nevertheless, the final structural pharmacokinetic models of voriconazole differ between pediatric and adult populations. All the studies conducted in pediatric populations employed a two-compartment model with various types of elimination (linear, nonlinear, or mixed linear and nonlinear elimination). However, the structural model used in most of the studies conducted in adults was a one-compartment model with linear elimination. Notably, two studies on adult patients [15, 18] established a onecompartment model using data from routine TDM practice, which might have resulted in the inability to identify twocompartmental models. Regardless of the patient populations, voriconazole CL was described as a linear process in most of the studies (n = 11), which was inconsistent with the nonlinear pharmacokinetic characteristics related to saturable CL mechanisms. In fact, this finding was supported by the results of a comparative study conducted by Farkas et al., [33] who evaluated the accuracy and precision of the predictions of three different structural models (linear, nonlinear, or mixed linear and nonlinear) for voriconazole and found that the linear model was the most accurate. The favorable performance of the linear model might be explained by the applied doses of voriconazole. Although the doses of voriconazole varied among the different studies and populations, the mean or median values of the observed voriconazole concentrations reported in the included studies were not high, ranging from 1.66 to 4.27 mg/L. The nonlinear component of the elimination model might not be pronounced during low-to-moderate voriconazole exposure.
Based on data from 207 healthy participants, the oral bioavailability of voriconazole is more than 90% [6] . However, the typical bioavailabilities estimated in most of the included population pharmacokinetic studies, particularly in adult organ transplant recipients after transplant surgery and pediatric patients, were relatively lower than those observed in healthy participants. Lin et al. [16] showed that the typical bioavailability value equaled 58% within 1 month after renal transplantation. Similarly, Han et al. [13] reported that the population estimate of bioavailability in lung transplant populations was only 45.9%. However, both research groups revealed that bioavailability was significantly increased with increases in the postoperative time. Thus, the low bioavailability obtained in the studies could be partially explained by gastrointestinal complications soon after the operation, which are frequently observed in transplant populations [34, 35] . In addition, specific pathologies, such as cystic fibrosis and mucositis, are associated with poor bioavailability, which should be considered in clinical practice [13, 20] . In the pediatric populations, the median (range) bioavailability equals 61.8% (range 44.6-64.5%) [n = 4], and pediatric patients exhibit significantly decreased bioavailability compared with adults (with the exception of transplant populations). Although several potential covariates were tested, none were found to have a significant effect on bioavailability in pediatric patients. A physiologically based pharmacokinetic study suggested that the lower bioavailability of voriconazole observed in pediatric patients compared with adults might be related to intestinal first-pass metabolism [36] . In addition, the diet might contribute to the different bioavailabilities between pediatric and adult patients. It is well known that diet reduced the effects of exposure to voriconazole, [6] and adults can generally better control their diet.
The estimated values for V (or V 1 ) were similar among the included studies. However, as demonstrated in Fig. 1 , the predicted total CL in pediatric patients was significantly higher than that in adult patients. Moreover, the BSV in CL was greater in pediatric patients than in adult patients. Voriconazole is metabolized by drug-metabolizing enzymes, and gene expression and enzyme activity are known to change with age. An in vitro study showed that oxidative enzymes derived from pediatric patients aged 2-8 years metabolized voriconazole at a three-fold higher rate than those derived from adults [37] . The researchers revealed that CYP2C19 and flavin-containing monooxygenase 3 play notably more important roles than CYP3A4 in the elimination of voriconazole in children [37] . A recent study conducted by Zane et al. [38] quantified the protein expression of CYP2C19 in pediatric and adult hepatic tissues and revealed that the protein expression of CYP2C19 was approximately two-fold higher in pediatric than in adult hepatic tissue. Moreover, investigators revealed that CYP2C19 activity at birth was only 26% of that observed in adults. The CYP2C19 activity rapidly increases up to approximately two-fold higher than the value in adults during the first year after birth, and the CYP2C19 activity from 1 to 5 years of age is approximately 160% of that observed in adults and then decreases slowly until it reaches the level observed in adults at 10 years of age [39] . Thus, the ontogeny of protein expression and enzyme activity might contribute to the differences in CL values obtained between pediatric and adult populations.
The dose regimens for voriconazole are based on the body weight at the time of the prescription, which indicates that body weight might be a major source of pharmacokinetic variability. All identified models for pediatric populations incorporated body weight in the CL and distribution parameters. However, only the study conducted by Liu and Mould [17] showed a significant relationship between body weight and CL in adult patients, but the authors also emphasized that the magnitude of the changes in voriconazole exposure associated with body weight was very slight in adults. Moreover, Han et al. [13] performed a simulation analysis on adults and investigated the performances of two dosing regimens (fixed and body weight-based dosing) on reducing pharmacokinetic variability, and the results reveled that body weight-based dosing did not decrease the pharmacokinetic variability compared with a fixed-dose strategy. Overall, the lack of effect of body weight on voriconazole elimination does not support the use of a body weight-based dosing strategy for the administration of voriconazole to adult patients. In fact, this finding was supported by the results of several studies that focused on obese patients. These studies revealed high serum concentrations in overweight patients based on the actual body weight [40] and comparable exposure between overweight and normal subjects administered a fixed dose independent of the subject's weight [41] . Nevertheless, it should be mentioned that all the included studies tested only the total body weight and not other measures of body weight, such as ideal body weight (IBW) and adjusted body weight (ABW). A previous study compared voriconazole concentrations in obese patients given a dose of 4 mg/ kg according to their actual body weight, IBW, and ABW [42] . The results indicated that a dosing strategy for voriconazole based on the IBW or ABW might be appropriate [42] . Therefore, the various measures of body weight should be tested in future population analyses.
Voriconazole is mainly metabolized by the CYP2C19 enzyme [6] . Therefore, polymorphisms of the CYP2C19 gene encoding CYP2C19 isoenzymes might be a major source of the variability in the pharmacokinetics of voriconazole. According to the Clinical Pharmacogenetics Implementation Consortium guidelines, five types of CYP2C19 metabolizer phenotypes have been classified: normal metabolizer, intermediate metabolizer (IM), poor metabolizer (PM), rapid metabolizer (RM), and ultra-rapid metabolizer [43] . It should be mentioned that several studies included in this review used the terms "extensive metabolizer" and "heterozygous extensive metabolizer", and these have been replaced by the terms "normal metabolizer" and "intermediate metabolizer", respectively, based on the Clinical Pharmacogenetics Implementation Consortium guidelines. Most of the studies included in the current review retained the CYP2C19 genotype as a significant covariate in the final model. Therefore, genetic testing should be encouraged if appropriate in clinical practice.
For pediatric patients, Karlsson et al. [23] reported that the intrinsic CL of voriconazole is significantly lower in CYP2C19 IM and PM compared with CYP2C19 normal metabolizer. Similarly, for adults, Wang et al. [21] reported that the CL in patients with CYP2C19 PM was 37% lower compared with those in other genotypes. Dolton et al. [12] found that participants with CYP2C19 IM and PM had a V max that was 41.2% lower than that of participants with no loss-of-function alleles. Mangal et al. [18] found that the V max in adult patients with CYP2C19 RM and ultra-rapid metabolizer was 9% higher compared with that in patients with CYP2C19 normal metabolizer and IM. Moreover, the CYP2C19 genotype can significantly affect both CL [16] and V [15] in renal translation recipients. Nevertheless, few studies have tested other drug-metabolizing enzymes as factors in model building. Indeed, voriconazole is eliminated by not only CYP2C19 but also other drug-metabolizing enzymes, specifically CYP3A4 [6] . To date, several studies have found that genetic variants of CYP3A4 can influence voriconazole exposure [44] [45] [46] . Thus, the influence of CYP3A4 polymorphisms should be considered in future population pharmacokinetic studies.
Numerous studies included in the current review demonstrated that reduced voriconazole elimination is significantly associated with impaired liver function, as indicated by elevated alanine transaminase, [24] aspartate transaminase, [15] direct bilirubin, [11] alkaline phosphatase, [21] and international normalized ratio [14] levels. Moreover, Pascual et al. found significantly reduced elimination in adult patients with severe cholestasis [20] . The impact of trough concentrations of voriconazole on hepatotoxicity has been identified. A meta-analysis showed that the incidence of hepatotoxicity increases from 4.2% for lower serum concentrations to 12.4% for supratherapeutic concentrations [47] . High trough concentrations of voriconazole can lead to liver injury, and the consequent liver dysfunction will result in metabolic disorders and higher voriconazole exposure. This phenomenon might function as a positive-feedback system and contribute to a worse prognosis. Therefore, physicians should pay more attention to patients with liver dysfunction in clinical practice.
Voriconazole is metabolized by enzymes that predominantly include CYP2C19, CYP3A4, and CYP2C9, [6, 48] and theoretically, the concomitant use of inducers or inhibitors of these drug-metabolizing enzymes should impact the pharmacokinetics of voriconazole. Unsurprisingly, concomitant medications were tested as a potential covariate in most of the included population pharmacokinetic studies, and a series of drugs were identified in the final model. Dolton et al. demonstrated that concomitant use of rifampicin (203%), phenytoin (203%), and St John's wort (107%) significantly increased the value of V max , whereas short-term concomitant use of ritonavir decreased the value of V max (42.9%) [12] . Similarly, Pascual et al. [20] reported that the coadministration of rifampicin significantly increased the voriconazole CL by three-fold in adult patients with invasive mycoses. The impact of these agents on the pharmacokinetics of voriconazole was sufficiently large that the therapeutic range was not reached in most patients. Therefore, concomitant use of these agents is contraindicated as instructed in the prescribing information. In fact, several population pharmacokinetic studies [15, 16, 19, 25] did not enroll patients who received agents that substantially affect voriconazole exposure.
Compared with the above-mentioned agents, the coadministration of voriconazole with proton pump inhibitors (PPIs) and glucocorticoids was more common in clinical practice. Theoretically, glucocorticoids, which are considered CYP450 inducers, can decrease voriconazole exposure, and PPIs, which are CYP450 inhibitors, can increase voriconazole exposure. However, neither PPIs nor glucocorticoids appeared to influence the pharmacokinetics of voriconazole in the population pharmacokinetic analyses. For PPIs, only the study conducted by Mangal et al. [18] found that the Michaelis-Menten constant values increased by 79% when the drug was administered concomitantly with pantoprazole. The other population studies included in this review tested the concomitant use of PPIs as a covariate, but this covariate was not retained in the final model. Similarly, the concomitant use of glucocorticoids was tested as a potential covariate in numerous population pharmacokinetic studies, but only the study conducted by Dolton et al. [12] which involved 240 patients and 3352 observations, included glucocorticoids as a significant covariate in the model.
Overall, the impact of PPIs and glucocorticoids on the pharmacokinetics of voriconazole remains controversial. The absence of any significant effects of concomitantly used medications on the population parameters of voriconazole might be owing to the limited sample sizes and confounding factors. In addition, it should be mentioned that most of the included studies did not provide information regarding the type of specific agent and the dose applied. In fact, the results of many studies showed that voriconazole exposure was substantially influenced by both the type of PPI (or glucocorticoid) and the dose used [49] [50] [51] . Taking PPIs as [51] . Thus, concomitantly used medications (particularly the various types and dosages of PPIs and glucocorticoids) should be tested in future population analyses.
Age was tested as a potential covariate in numerous studies, but only the study conducted by Wang et al. [21] included age as a significant covariate in the model. The association between the CL of voriconazole and age agrees with the fact that voriconazole is metabolized by drugmetabolizing enzymes and with the existence of a negative relationship between age and enzyme functional activity. Although other demographic covariates, such as sex, height, race, and body mass index, were tested, none were found to have a significant effect on the pharmacokinetic parameters in both adult and pediatric populations. According to the manufacturer, renal function has no influence on the pharmacokinetics of voriconazole. Unsurprisingly, the population pharmacokinetic analyses of voriconazole did not identify serum creatinine or creatinine CL as a significant biological covariate of the pharmacokinetics of voriconazole.
Although the above-mentioned covariates were incorporated in the population models, the pharmacokinetic variability remained relatively large. Thus, other potential covariates should be tested in model building in future studies. In recent years, numerous studies have reported that inflammation, which can be reflected by the C-reactive protein levels, might influence the voriconazole trough concentration [52] [53] [54] [55] [56] [57] [58] . A retrospective study revealed that despite similar voriconazole doses, the trough concentrations of voriconazole in patients with severe inflammation are significantly higher than those in patients with zero to moderate inflammation. For every 1-mg/L increase in the C-reactive protein value, the voriconazole trough concentration is elevated by 0.015 mg/L [52] .
Moreover, a significant negative correlation between the C-reactive protein value and the metabolic rate of voriconazole was detected in a retrospective study [53] . These findings can be explained by the negative regulation of various drug-metabolizing enzymes by proinflammatory cytokines, particularly interleukin-6 and tumor necrosis factor-α. The inflammatory state might play a significant role in the high variability in the pharmacokinetics of voriconazole and should be tested as a potential covariate in future population pharmacokinetic models.
With regard to model evaluation, external evaluation is considered the most stringent method for model testing and is beneficial for subsequent implementation in the management of voriconazole dosing. Unfortunately, only one included study [14] performed an external evaluation using a separate cohort. Thus, external evaluations of previously published models and comparisons of the predictive performance of the published models should be performed. In the majority of the included studies, simulation analyses were also performed to determine the optimal dosing regimens, and the recommended dosing strategies significantly varied between the different studies (or populations). Therefore, extrapolation of the dosing strategies to a specific population should be performed with caution.
Conclusion
This systematic review summarizes the relevant information for both clinicians and researchers on the population pharmacokinetics of voriconazole. For clinicians, this review highlights relevant predictors that can be considered for optimization of the voriconazole dose. Body weight, the CYP2C19 genotype, liver function, and concomitant medications are the most important factors associated with the variability in the pharmacokinetics of voriconazole. Understanding these factors and identifying subpopulations with special features could help improve the individualized dosing of voriconazole. Given the high inter-and intraindividual variability in the pharmacokinetics of voriconazole, TDM remains a suitable method for identifying inappropriate exposure. Most of the studies included in this review retained the CYP2C19 genotype as a significant covariate in the final model. Therefore, genetic testing should be encouraged if appropriate in clinical practice.
For researchers, further population pharmacokinetic studies on pediatric patients aged younger than 2 years are warranted. Moreover, several potential or controversial covariates, such as inflammation, the CYP3A4 genotype, concomitant medications (particularly PPIs and glucocorticoids), and various measures of body weight (IBW and ABW), should be tested because the unexplained variability remains relatively high. In addition, the previously published models should be externally evaluated, and the predictive performances of the models should be compared. 
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